Three-dimensional reconstruction and analysis of mitotic spindles from the yeast, Schizosaccharomyces pombe by unknown
Three-Dimensional Reconstruction and Analysis of Mitotic 
Spindles from the Yeast, Schizosaccharomyces  pombe 
Rubai Ding, Kent L. McDonald, and J. Richard McIntosh 
Laboratory for Three Dimensional Fine Structure, Department of Molecular, Cellular, and Developmental  Biology, University of 
Colorado, Boulder, Colorado 80309-0347 
Abstract.  Mitotic spindles of Schizosaccharomyces 
pombe have been studied by EM, using serial cross 
sections to reconstruct 12 spindles from cells that 
were ultrarapidly frozen and fixed by freeze substitu- 
tion. The resulting distributions of microtubules (NITs) 
have been analyzed by computer. Short spindles con- 
tain two kinds of MTS: continuous ones that run from 
pole to pole and MTS that originate at one pole and 
end in the body of the spindle. Among the latter there 
are three pairs of MT bundles that end on fibrous, 
darkly staining structures that we interpret as 
kinetochores. The number of MTs ending at each 
putative kinetochore ranges from two to four; all 
kinetochore-associated MTS disappear as the spindle 
elongates from 3-6/~m.  At this and greater spindle 
lengths, there are no continuous MTS, only polar MTs 
that interdigitate at the spindle midzone, but the spin- 
dle continues to elongate. An analysis of the density 
of neighboring MTs at the midzone of long spindles 
shows that their most common spacing is ~40 nm, 
center to center, and that there is a preferred angular 
separation of 90  ~  . Only hints of such square-packing 
are found at the midzone of short spindles, and near 
the poles there is no apparent order at any mitotic 
stage. Our data suggest that the kinetochore Mrs 
(KNITs) do not interact directly with nonkinetochore 
MTs, but that interdigitating MTS from the two spindle 
poles do interact to form a mechanically stable bundle 
that connects the poles. As the spindle elongates, the 
number of MTs decreases while the mean length of 
the Mrs that remain increases. We conclude that the 
chromosomes of S. pombe become attached to the 
spindle by kinetochore MTs, that these MTs disappear 
as the chromosomes segregate, that increased separa- 
tion of daughter nuclei is accompanied by a sliding 
apart of anti-parallel MTS, and that the mitotic pro- 
cesses of S. pombe are much like those in other eu- 
karyotic  cells. 
M 
ITOSIS in yeast is currently receiving considerable 
attention from geneticists and molecular  biologists 
(for examples see Carbon and Clark, 1990; Hoyt 
et al.,  1990; Nurse,  1990; Winey et al.,  1991; Yanagida, 
1991), but structural work on these organisms has been com- 
paratively  limited,  in  part  because  of the  difficulty  of 
preserving the ceils for EM. Yeasts are, however, attractive 
specimens for a ceil biological analysis of mitosis, because 
they are small enough to permit detailed study (Byers, 1981), 
and because they have Lffiwer  microtubules (MTs)~ and usu- 
ally fewer chromosomes than higher eukaryotic cells.  Fur- 
ther, many yeast cell cycle mutants are available, some with 
effects on mitosis, and one may hope that thorough ultra- 
structural analysis of phenotype in such strains will help to 
elucidate the mechanisms of chromosome motion. 
We  have  chosen Schizoaaccharomyce# pombe for  this 
study of spindle structure because several features of its cell 
biology are similar to those of higher eukaryotes. Its cell cy- 
cle includes a G2 phase (Mitchison,  1990), followed by a 
1. Abbreviations used in this paper:  HPF, high pressure freezing; KMT, 
kinctochore NIT; Mr, nn'crotubule; SPB, spindle pole bodies; 3D, three- 
dimensional. 
prophase when the centrosomes separate (Kanbe  et al., 
1990), and its three chromosomes condense for mitosis to 
become discrete objects,  visible  in  the light  microscope 
(Fischer et al., 1975; Robinow, 1977). Its spindle forms for 
the occasion of  karyokinesis and disassembles as the process 
is completed (Hagan and Hymns, 1989). Its centromeres  are 
complex structures that require tens of thousands of DNA 
bases  for  normal  chromosome segregation  (Clarke  and 
Baum, 1990; Carbon and Clarke, 1990). The information 
available therefore suggests that S. pombe is likely to be a 
good model system for a rigorous study of mitosis. 
The mitotic spindle of S. pombe was initially studied by 
McOdly and Robinow 0971), using both light and electron 
microscopy.  They interpreted their images to suggest that 
chromosomes  were attached directly to the spindle pole bod- 
ies (SPBs),  so they referred to the SPB as a ~ldnetochore 
equivalent7 Tanaka and Kanbe 0986) used EM to study lon- 
gitudinal  sections of mitotic cells fixed by plunge freezing 
and freeze substitution.  Based on images obtained with this 
superior method of preservation, they proposed that mitosis 
was accomplished by a shortening of  chromosomal Mrs, to- 
gether with an elongating of the pole-pole MTs that corn- 
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conflicting views was, however, limited by the lack of three- 
dimensional  (3-D)  information  about  the  positions  and 
trajectories of the relevant spindle MTs. 
To understand the design of a particular spindle and to 
learn how it attaches to and moves chromosomes, it is useful 
to obtain complete information about the organization of its 
microtubnles (Mclntosh et al., 1975a) using the best fixation 
available.  This  task  is  most rigorously accomplished by 
using fast frozen, freeze-substituted material to minimize 
fixation artifacts (Nicolas, 1991) and by building models of 
the spindle based on cross sections that allow one to follow 
each MT from one of its ends to the other without ambiguity 
(McIntosh et al., 1975b; McDonald et al., 1977). This paper 
describes such results. 
To aid in the 3-D reconstruction of spindles and to facili- 
tate a more quantitative analysis of the resulting models, we 
have used a computer to help align images of successive sec- 
tions and abstract MT coordinates from the images, then to 
build graphic models that represent MT trajectories, and to 
analyze the resulting structures in 3-D. Our results from this 
study suggest that mitosis in S. pombe is an "orthodox" eu- 
karyotic cell division with a particularly well organized spin- 
die that should be useful for cell biological as well as molecu- 
lar analysis. 
Materials and Methods 
S. pombe, strain cde25-22, was grown at the permissive  temperature to mid- 
log phase in MY medium (Tanaka and Kanbe, 1986).  The cells were then 
frozen by either of two methods: plunging into liquid ethane (Howard and 
Aist, 1979) or high pressure freezing fI-IPF) (Moor, 1987; Dahi and Staehe- 
lin, 1989).  Following either freezing method, the cells were fixed and de- 
hydrated by freeze substitution in acetone containing 2 % OsO4 and 0.05 % 
uranyl acetate at -90"C for 2-4 d in a homemade freeze substitution device 
(Kiss and McDonald,  1993).  Samples were allowed to warm slowly to 
-200C and held at that temperature for about 3 h. They were then warmed 
to 0*C for 1.5 h and to room temperature for oo0.5 h. Fixed cells were then 
rinsed with acetone several limes and gradually infiltrated and embedded 
in Epox-Araldite. Cells frozen by HPF showed preservation of a somewhat 
higher quality,  and all of the micrographs in this paper were prepared with 
this method. 
Serial sections 60 nm thick were cut with a Reichert Ultracut E (Reichert 
Jung, Vienna), picked up on formvar-coated slot grids, stained with 1% ura- 
nyl acetate and lead citrate, and imaged in JEOL-100C electron mieroscopa 
(JEOL USA Inc., Peabody, MA) operating at 80 kV. Spindle length has been 
estimated from the number of serial cross sections required to go from one 
pole to the other. Since our microtome cuts sections of uniform thickness 
to an excellent approximation, the relative lengths of spindles are accurate 
to oo5 %; their absolute lengths are probably accurate to about ool0 %. Rela- 
tive spindle length is important, because throughout this investigation we 
have used spindle length as a way to estimate relative stage in mitosis. 
Serial cross sections through mitotic spindles were photographed at a 
magnification of ool6,000,  and the relevant parts of these negatives were 
digitized with a Dage video camera (Dage-MTI, Inc., Wabash, Mr) and a 
Parallax image processor, hosted in a MieroVax computer, as described in 
McDonald et al. 0991). Spindle MTs were tracked for the entire length of 
every spindle studied, and a 3-D model of these polymers was built in the 
computer. MT distributions were then analyzed by computer, using pro- 
grams written by David Mastronarde of  our lab, and described in McDonald 
et al.  0991;  1992). 
Results 
The Fine Structure orS. pombe After 
Cryoflration and Freeze  Substitution 
Our methods have produced images of S. pombe in which 
most features of cell line structure are well preserved (Fig. 
1). The wall that surrounds the cell is constructed in three 
layers: the outermost is filamentous with elements that pro- 
ject radially outward from an underlying layer that is less 
electron dense. The innermost layer of the wall is apposed 
to the plasma membrane and comprises a  thin, electron- 
dense lamina.  The cell membrane itself contains invagi- 
nations,  suggesting that either  endocytic and/or  exocytic 
processes were occurring at the time of fixation. The cyto- 
plasm is rich with ribosomes, but it also contains the other 
expected organelles: mitochondria with evident cristae, ER, 
vacuoles, a nucleus whose envelope contains nuclear pores, 
and some cytoplasmic vesicles of unknown function. Within 
the nucleus of this mitotic cell, the spindle can be seen in 
cross section, surrounded by darkly staining material, prob- 
ably from the persistent nucleolus. 
The Spindle Pole Body (Centrosome) 
The spindle pole bodies (SPBs)  of mitotic cells are com- 
posed of electron-dense materials assembled at the nuclear 
envelope.  One SPB  from an early mitotic stage  (spindle 
length, 2.3 pm) is shown in Fig~ 2, A-F, and one from a later 
mitotic stage  (chromosomes already at the pole;  spindle 
length, 8.0 #m) is shown in Fig. 3, A-E The nuclear positions 
and orientations of these two sets of micrographs are marked 
on Figs.  2  G  and 3  G,  respectively.  The SPB is located 
largely at the cytoplasmic surface of the nuclear membrane, 
but some images suggest that during mitosis it may penetrate 
into the nuclear membrane (see also McCully and Robinow, 
1971; Heath, 1981; Tanaka and Kanbe, 1986).  At both mi- 
totic stages shown here, SPBs include a protrusion of darkly 
staining material that lies perpendicular to the spindle axis. 
During early mitosis, a SPB marks one end of>20 spindle 
MTs (Fig. 2). By the middle of spindle elongation (spindle 
length, '~6 t,m), the numberof MTs at a SPB has decreased 
to about eight, and by a spindle length of 8/zm, the number 
is six (Fig. 3). This change is not accompanied by a decrease 
in the apparent area of the SPB.  The arrow in Fig.  3  C 
identifies an MT that extends for only one or two sections. 
Such short MTs immediately associated with the poles are 
not found in short spindles but are common in longer ones. 
At this time there are also a few MTs that grow from the SPB 
and project into the cytoplasm (Fig. 3 A, arrow). In both 
Figs. 2 and 3 there is an electron-lucent matrix near the SPB 
but lying beneath the nuclear envelope and pervading the 
space around the spindle MTs (Figs. 2 D and 3, C and D). 
In all the spindles that we have observed, we found that all 
the MTs were associated with one SPB or the other, suggest- 
ing that spontaneous initiation of MTs in the nucleus of S. 
pombe is rare. 
Kinetochores and Kinetochore MTs 
Fig. 4 shows images from a set of serial sections cut near the 
midregion of a  short mitotic spindle (2.3  #m).  Fig.  4  F 
depicts the positions of Fig. 4, A-E along the spindle axis. 
Some  of  the  MTs  end  on  dark,  fibrillar  material  (see 
brackets, Fig. 4, B-D). The top brackets in the series mark 
two such MTs and their associated dark structure, and the 
bottom set marks three that end in a similar way. Each short 
spindle contains three pairs of  these structures; the members 
of each pair are aligned along the spindle axis, and in the 
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graph  of S.  pombe,  cut  in 
cross section. The cell wall, 
the plasma membrane, cyto- 
plasm, and the nucleus are all 
clear. A  spindle is  seen  in 
cross  section.  NP,  nuclear 
pore;  NM,  nuclear  mem- 
brane;  M,  cell membrane; 
CW, cell  wall; Mi, mitochon- 
drion; ER, endoplasmic retic- 
uhtm;  and  L  invagination. 
Bar, 0.2 ~m. 
shortest spindles the members of each pair are separated by 
only ~0.3/~m. We interpret these structures as kinetochores 
and will refer to them as such for the remainder of  this paper. 
The number of MTs endin~ at each kinetochore varies from 
two to four with a  mean value of three.  The number of 
kinetochore MTs (KMTs) ending on sister kinetochores is 
not always the same; we have seen two M~ ending on one 
kinetochore and three on its sister, as well as three on one 
and four on its sister. 
Three-Dimensional Reconstructions of  Early 
Mitotic Spindles 
The model shown in Fig. 5 A was constructed from serial 
sections through a spindle ,~2.3/~m long, which we interpret 
as early in mitosis. It contains two categories of MTs: con- 
tinuous ones that start at one SPB and end at the other (Fig. 
5 B) and shorter MTs that originate from one pole and end 
before reaching the other (Fig. 5, C and D). The latter 
include six clusters  of  KMTs, as defined above, and these to- 
gether with the six contours that mark the boundaries of the 
dark-staining material are  shown in Fig.  5  E.  The dark- 
staining material is most evident one section beyond the ends 
of these MTs, which accounts for the gap between the two 
components of  the computer-drawn model. The mean length 
of all the KNITs defined in this model is 0.78  +  0.15 pan. 
Fig. 6 shows a spindle that is •2.8  fan long. Here the dis- 
tances between each pair of  oppositely oriented kinetochores 
range from 0.48 to 1.04/~m (Fig. 6 C); the mean separation 
is obviously greater than that seen in Fig. 5.  The greater 
separation of  what appear to be sister kinetochores is consis- 
tent with our interpretation that longer spindles are later in 
mitosis than shorter ones. The variation in the distance be- 
tween pairs of sister kinetochores may mean either that the 
time at which chromosome separation begins is not syn- 
chronized for all chromosomes or that the speed of chromo- 
some separation is not uniform. Note,  however,  that the 
mean length of  the KMTs in this cell is 0.75 •  0.28 #m, not 
significantly shorter than the mean KMT length seen in the 
shorter spindle. It appears that anaphase in S. pombe begins 
with spindle elongation. Another difference between these 
two spindle models is that there are four continuous MTs in 
the short spindle but only one in the longer. 
Arrangements of  Spindle MTs Near the Poles and at 
the Mktzones of  Spindles with Various Lengths 
Fig. 7, A and B show the MTs in sections cut near the pole 
and at the midzone, respectively, of the mitotic c.ell shown 
in Fig. 5 A (arrows in the latter figure indicate the positions 
of these sections). There is no obvious organization in the 
MT arrangement at either position along the spindle. Near 
the pole (Fig. 7 A), the MTs are embedded in a dark-staining 
fibrillar matrix. In the midzone (Fig. 7 B),  MTs are sur- 
rounded by a mixture of  fibrillar and granular material which 
may represent chromatin and nucleolar remnant. The differ- 
ent kinds of  MTs, as identified  from the 3-D models, are indi- 
cated in Figs. 7, A~ and B'. KMTs in Fig. 7 A fie near the pe- 
riphery of the spindle, but no other order is evident. In Fig. 
7 B, the one cluster of  KMTs is seen near the periphery (Fig. 
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Figure 5. A set of models built from micrographs of a short mitotic 
spindle (2.3/zm) displayed in side view. A shows all the MTs of the 
spindle. The arrows identify the positions of the sections shown in 
Fig Z B shows the MTs that run all the way from one pole to the 
other. C and D show the MTs that emanate from each pole. Among 
these MTs are KMTs, which are shown in E. The closed polygons 
in E mark the positions of dark-staining material that we interpret 
as kinetochores.  The distances  between  sister  kinetochores  are 
,'o300 rim. Bar, 0.2/zm. 
7 B'), but again little order is apparent. Polarities cannot be 
assigned to the continuous  MTs,  so the possibility of any 
preferential associations between antiparallel MTs is difficult 
to assess at this stage of mitosis. 
Fig. 8, A-C show models constructed from an 8-#m spin- 
die. Note that the scaling of these models has been changed 
from that of Figs. 5 and 6 for convenience of display. By this 
stage, the chromosomes have already arrived at the poles, 
and KMTs are not evident.  Other MTs, however, emanate 
from each pole and interdigitate at the spindle midzone (Fig. 
8, B and C). This mitotic stage contains no continuous MTs. 
Fig.  9,  A and B  show  the cross-sectional arrangements of 
MTs  from the  polar  and  midzone  regions  of the  spindle 
shown in Fig. 8 A (arrows in Fig. 8 A show the positions of 
these two sections).  No special MT arrangement is seen at 
the pole (Fig. 9 A), but there is a highly organized MT pack- 
ing in the zone of interdigitation (Fig. 9 B). In Fig. 9 B', the 
open  and  closed  circles  indicate  the  MTs  from opposite 
poles. The square-packed arrangement of MTs is formed by 
alternating MTs from the two poles. Bridges between adja- 
cent MTs in this configuration are sometimes seen (e.g., Fig. 
9  C, arrows). 
A  Neighbor Density Analysis of  MTs at the Pole and 
the Midzone 
We have analyzed MT packing at several places in the spin- 
13 
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Figure 6.  A set of models  from an early mitotic  spindle whose 
length is ~2.8 #m. A shows all the spindle MTs. B shows the only 
continuous MT, and C shows the KMTs and kinetochores. The dis- 
tances between each pair of sister kinetochores  vary from 0.8 to 
1.04/~m.  Bar, 0.2/xm. 
die and at different times during mitosis, using algorithms 
described elsewhere (McDonald et al., 1991,  1992). Fig. 10, 
A-D show the results from such an analysis of the cell dis- 
played in Fig.  5, and Fig.  11, A-D describe the cell shown 
in Fig.  8.  Near the poles of short spindles (e.g., Fig.  7 A), 
there is a peak at ,'o35 nm in the radial density distribution 
and at "~60 ~ in the distribution of angular spacings; these 
results suggest that the MTs near the poles of a short spindle 
are roughly close packed. We have looked for specific spac- 
ings or angles between KMTs and other spindle MTs, but 
found none. At the midzone of the same spindle, there is a 
broader peak in the radial density distribution and no well- 
defined peak in the distribution of angular frequencies (Fig. 
10, C and D). These results confirm that there is little order 
in the cross sectional arrangements of MTs in the early spin- 
dle of S. pombe. 
The MT arrangements near the poles of a longer mitotic 
spindle show no specific peak in either the distance analysis 
or angular analysis (Fig.  11, A and B). At the zone of inter- 
digitation, on the other hand, when the MTs form a notice- 
ably square-packing array (corresponding to Fig. 9 B), the 
distance analysis shows sharp peaks at ,o40 nm and 2  x  40 
nm with a smaller peak at V~- x  40 nm (Fig. 11 C), charac- 
teristic of a square packed array. The distribution of angular 
spacings peaks at 90 ~ (Fig.  11 D), as expected. 
These data and all results from other cells that have been 
analyzed in a similar way (data not shown) demonstrate that 
as the spindle elongates, the MTs at the midzone undergo a 
transition  from  a  disorganized  arrangement  to  a  well- 
defined,  square-packed array. For example, the MTs at the 
midzone of the spindle in Fig.  6,  which is longer than the 
spindle in Fig. 5, appear more organized than in the earlier 
spindle, as is evident both from the micrographs and from 
the size of the peak in their radial density distributions, but 
square-packing as identified by the angular distribution, has 
not yet formed (data not shown). Our images suggest that the 
Figures 2, 3, and 4. (Fig. 2) Serial sections from the region of the SPB in an early mitotic spindle. G depicts the positions of A-F in the 
nucleus and spindle. Bar, 0.1 #m. (Fig. 3) Serial sections from the region of the SPB in a late mitotic  spindle. G depicts the positions 
of micrographs A-F in the nucleus and spindle. The arrow in C indicates an MT that runs for only one to two section(s).  Bar, 0.1 /zm. 
(Fig. 4) Serial sections from the region near the midzone of a short spindle. The brackets mark regions that we interpret as kinetochores 
and KMTs. F shows the positions of these micrographs  in the spindle. K, kinetochore.  Bar, 0.1 /~m. 
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of  MT  arrangements  in  an 
early mitotic spindle. A shows 
the MTs near the pole and B 
the MTs at the midzone. The 
locations of these sections are 
indicated by the arrows in Fig. 
5 A. A'  and B'  depict  the identi- 
ties of all the MTs in the cross 
sections, as determined from 
the 3-D models. (o) Noncon- 
tinuous MTs from one pole; 
(e) MTs from opposite pole; 
(|  KMTs; and (| 
MTs. Both micrographs show 
that  MTs  have  no  obviously 
organized  pattern. Bar, 0.I fan. 
8A 
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Figure 8.  Models from a late 
mitotic spindle "8/~m long. 
A  shows  the  whole  spindle, 
while B and C show the MTs 
associated with  one  pole or 
the other. The arrows indicate 
the positions of the  sections 
shown in Fig. 9. By the time 
the  spindle has  reached this 
length, no continuous MTs re- 
main.  Bars:  (x-axis)  1  ~,m; 
(y-axis) 0.2/~m. 
Figure  9.  MT  arrangements 
from  a  late  mitotic spindle. 
A  shows  the  MTs  near  the 
pole and B shows the square- 
packed  MTs  at  the  zone  of 
overlap. The locations of  these 
sections are indicated by the 
arrows in Fig. 8A. The open 
circles and the filled ones rep- 
resent  MTs  from  opposite 
poles. The square-packed MTs 
alternate in their pole associa- 
tion, as shown in ft. The ar- 
rows in C indicate the bridges 
between  the  adjacent  MTs. 
Bar, 0.1/~m. 
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Figures 10 and 11. (Fig.  10) A  neighbor density analysis for the MTs 
from a short mitotic spindle (the one shown in Fig. 5). A and Cdis- 
play the frequency with which MTs are found at a given spacing, 
while B and D show the distributions  of the angular spacings  be- 
tween neighbors. A and B show data from MTs near the poles, while 
C and D describe MTs from the midzone. The MTs at the pole are 
clustered with a  spacing of "0 35  um and an angular spacing of 
,060 ~ There is a wide range of MT spacings at the spindle midzone 
and no clear peak in the angular distribution.  (Fig.  11) Neighbor 
density analysis for MTs from a long mitotic spindle (the one shown 
in Figs.  8 and 9). A-D are as in Fig.  10. The region near the pole 
shows no clear peaks for both the neighbor density analysis (A) and 
angular analysis (B). The midzone shows a sharp peak at 40 nrn (C) 
and at 90  ~ (D). 
Figure 12. Four spindle models prepared from cells frozen by HPE 
The MTs are presented as straight lines whose lengths and positions 
reflect the sections where each MT was found, and the lines in each 
model are arranged top to bottom in order of  increasing length. The 
number of MTs decreases as the spindle elongates and the number 
of continuous MTs drops to zero. 
emergence of spindle order is complete at about the time that 
the chromosomes arrive at the poles. 
A  Comparison of  Spindle Design over a Wide Range 
of  Lengths 
Fig.  12 shows four pole-pole spindle reconstructions made 
from cells processed by HPF; the MTs have been projected 
as straight lines to permit easy comparison.  All these cells 
were fixed in the same sample, so their states of preservation 
should  be  as  similar  as  possible.  The  models  have  been 
aligned horizontally about the lines of symmetry in their pat- 
tern of MT interdigitation,  and it is immediately evident that 
the spindles  themselves are not perfectly symmetric.  They 
have been arranged vertically in order of increasing spindle 
length to display a progression analogous to that which prob- 
ably occurs over time in mitosis.  From the shortest spindle 
to longest there is an increase in length from 2.3 to 8.0 #m. 
The continuous MTs decrease from 4 to 1 to 0 in going from 
the shortest spindle to the second shortest to the next,  and 
all longer spindles  contain no continuous MTs. 
Fig.  13 shows seven models constructed from cells frozen 
by plunging into liquid ethane.  These cells  were grown at 
28~  to minimize the cell wall thickness.  Thick cell wails 
create problems  during  fixation and embedding.  The cells 
and spindles in these preparations are longer than any found 
after  HPF  of cells  grown  at  25~  Since  S.  pombe  cells 
grown at 28~  are longer than those grown at 25~  we sus- 
pect that this difference is a result of the difference in growth 
condition, not of freezing method. The design of  the spindles 
in these cells is clearly similar to that seen after HPF,  en- 
couraging the view that both methods are preserving the nor- 
mal arrangement of MTs. 
These models again show a progression from short to long 
spindles with a loss in both short MTs and continuous MTs 
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prepared from cells frozen  by plunge 
freezing.  MT  representations  are 
as for Fig.  12. Note that there are 
some short MTs near the pole in 
spindles 3, 4, and 7. 
as the spindle elongates. One of the short spindles preserved 
by plunge freezing showed evidence for kinetochores (data 
not shown). The more subtle differences between the models 
in Figs.  12 and 13, such as the greater number of MTs in the 
short spindles of the former than the latter, may be due sim- 
ply to biological variation or the difference of growth condi- 
tion. Note, however, that in spindles 3, 4, and 7 of Fig.  13 
there is one MT in each that is too short to reach the zone 
of interdigitation; perhaps such MTs were fixed in the pro- 
cess of disassembling. 
Fig.  14 shows the total length of MTs, the total length of 
MT overlap in the zone of interdigitation, and the total MT 
number for each of the models in Fig.  13. There is a small 
increase in total polymer while short spindles are elongat- 
ing, but most of the increase in MT length that occurs during 
this time appears to be balanced by a decrease in the total 
MT number, suggesting that subunits released from MTs that 
are disappearing are recycled into the MTs that are elongat- 
ing. At a spindle length of ,,07/zm, the amount of total poly- 
mer begins to increase directly with spindle length, and dur- 
ing this time the number of MTs is constant.  At a  spindle 
length of"ol0 #m, the amount of total polymer begins to de- 
crease, and further spindle elongation is accompanied by a 
decrease in the extent of MT overlap. These results suggest 
that both MT polymerization and MT sliding contribute to 
spindle elongation in S. pombe and that the balance between 
these two processes changes during anaphase. 
Some spindles twist about their long axis as they increase 
in  length.  This behavior is  obvious in  the  stereo  images 
shown in Fig. 15. The rotation is clear in many late spindles 
but is not detected in our images from early mitosis. 
Discussion 
We have used high pressure or plunge freezing and freeze- 
substitution fixation to preserve the structure of S. pombe for 
a  detailed analysis of its mitotic spindle.  Cryofixation im- 
proves  morphological  preservation,  as  shown  by  Tanaka 
and Kanbe (1986), but it also improves the time resolution 
of fixation. Cryofixation takes place in milliseconds (Gilkey 
and Staehelin, 1986) rather than the seconds or even minutes 
required  for  chemical  crosslinking  at  room  temperature 
(Hayat, 1989). This is important for a study such as ours be- 
cause spindle MTs may show rapid shrinkage and growth 
(Saxton et al., 1984). The increase in fixation rate by several 
thousandfold is likely to be important for preserving MTs at 
their actual length for subsequent view in the electron micro- 
scope. 
Our work extends published information by: (a) identify- 
ing the fine structure of kinetochores and enumerating the 
kinetochore MTs, (b) displaying the ordered packing of in- 
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Figure 14. Total MT length (B), total overlap length (o) and total 
number of MTs (A) plotted against spindle length for each spindle 
from Fig. 13. As the spindle elongates, the total length of MTs in- 
creases  at  first and then  decreases.  The length of MT overlap 
mimics this trend. 
The Journal of Cell Biology, Volume 120, 1993  148 cell shown in Fig. 6 and to '~0 in later stages of mitosis. We 
sometimes see MTs that are only a few sections long near 
the pole of a long spindle (e.g., the short MT seen in Fig. 
3 C). These may be remnants of KMTs. Our observations 
suggest that KMTs in S. pombe shorten and decrease in num- 
ber as the chromosomes segregate, as would be expected for 
anaphase A. The fact that the mean KMT length is no differ- 
ent between two spindles that are 2.3 and 2.8 ~m long sug- 
gests, however, that anaphase A is not a distinct phase of mi- 
tosis that precedes anaphase B. 
Our visualization of chromosomes in S. pombe is far from 
complete. We do find fibrous material of an unusual texture 
at the place where the chromosomes should be, according to 
both light microscopy and the location of the kinetochores. 
It is clear, however, that more reliable methods, like antibody 
staining, should be used to locate the chromosomes in the 
nucleus and to characterize their condensation during mi- 
tosis. 
Figure 15.  A stereo projection from a 3-D reconstruction of the 
spindle 6 shown as in Fig. 13. The MTs follow a helix around the 
axis of the spindle. Bars: (x-axis) 0.2 ~trn; (y-axis) 1.0/~rn. 
terdigitating MTs that emerges at the spindle midplane dur- 
ing mitosis, (c) giving us the length distribution of the spin- 
die MTs at several stages during mitosis, and (d) revealing 
new aspects of spindle pole body structure and its relation- 
ship to spindle MTs. 
Kinetochores  and Kinetochore MTs 
We have interpreted specific nuclear structures as kineto- 
chores. This attribution has been based upon their location 
in early mitotic cells (near the spindle equator), their num- 
ber (three pairs in early mitotic spindles, just the number of 
chromosomes in this organism), their staining density (they 
look similar to the kinetochores found in higher eukaryotes), 
their position relative to the ends of some spindle MTs (they 
are at the pole-distal ends of 2-4 MTs), and the fact that they 
separate as mitosis progresses. Additional evidence for the 
validity of this interpretation comes from the recent work of 
Uzawa and Yanagida (1992),  who have used fluorescence in 
situ hybridization with a  probe for centromeric DNA,  to 
visualize centromeres in the light microscope. A structure 
recognized by their probe becomes double before mitosis, 
takes up a position near the middle of the spindle in early 
mitosis, and then separates from the middle to the two ends 
of the spindle as mitosis proceeds. The temporal and spatial 
redistribution of the structures we interpret as kinetochores 
correspond well to the material stained by Uzawa and Yana- 
gida (1992). 
The kinetocbores in early mitotic cells of S. pombe are as- 
sociated with the ends of 2--4 MTs, not the one MT that has 
been seen for S. cerevisiae (Peterson and Ris, 1976; King et 
al.,  1982a), other fungi (Aist and W'tUiarns, 1972;  Heath, 
1974),  slime molds (Roos,  1975),  and Dictyostelium dis- 
coideum (Mcens, 1976; McIntosh et al., 1985). Our results 
suggest, however, that there is a decrease in the number of 
KMTs as mitosis progresses.  The total number of KMTs 
decreases from 19 in the cell shown in Fig. 5 to 16 in the 
Structure of the Interpolar MT Bundle 
The square packing of MTs in the zone of  interdigitation dur- 
ing anaphase and telophase has not previously been reported 
for S. pombe. Similar packing has, however,  been seen in 
prophase or prometaphase spindles of several diatoms (Tip- 
pit et al., 1975, 1978; McDonald et al., 1979), but anaphase 
MT packing in diatoms is generally hexagonal. In D. dis- 
coideum, on the other hand, the spindle is poorly organized 
during early mitosis and adopts a square packing arrange- 
ment in anaphase (McIntosh et al., 1985), just like the pat- 
terns seen here. Since no ordered arrangement is found at the 
spindle poles of either organism, it seems likely that the 
square-packing is a result of interactions between the inter- 
digitating MTs from the two half spindles. The transition 
from a disordered packing at the midzone during early mito- 
sis to the square-packing found in late spindles is consistent 
with the idea that the ordered geometry plays a role in late 
mitotic events,  such as holding the two halves of a slender 
spindle together. 
The elongation of spindles isolated from nuc2- cells of S. 
pombe  after addition of ATP and tubulin suggests that a 
mechanochemieal system in the zone of MT interdigitation 
cooperates with tubulin polymerization at the pole-distal 
MT ends to drive spindle elongation (Masuda et al., 1990). 
Such interactions may be mediated by mechanochemically 
important enzymes, such as kinesin-like proteins. The prod- 
uct of the cut7 gene in S.  pombe has been identified as 
kinesin-like on the basis of its predicted amino acid sequence 
(Hagan and Yanagida,  1990),  and an antigen that is recog- 
nized by antibodies to CUT7 protein synthesized in bacteria 
binds to the zone of MT interdigitation (Hagan and Yana- 
gida, 1992). This motor or one like it may therefore be one 
of the polypeptides that comprises the bridges we have seen 
between antiparallel MTs in the zone of overlap. As we have 
noted previously (McDonald et al., 1979;  McIntosh et al., 
1985),  square packing requires that some energy, such as a 
specific MT cross-bridge, be put into the system to resist the 
natural tendency of packed fibers to assume a hexagonal pat- 
tern. The exact alternation of MTs from opposite poles along 
the square lattice is further evidence for specific interactions 
between adjacent antiparallel MTs, 
Astral MTs arise in the cytoplasm of S. pombe during 
anaphase and telophase (Hagan and Hymns, 1988, and our 
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of conjecture. Aist and co-workers (Aist and Berns,  1981; 
Aist and Bayles, 1991) have suggested that fungal nuclei are 
pulled apart late in anaphase by astral MTs, but the orienta- 
tion of the cytoplasmic, SPB-associated MTs in S. pombe is 
oblique to the pole-pole axis (Hagan and Hyams, 1988, and 
our results) making it seem unlikely that such a system is im- 
portant in this organism. Studies that inactivate one-motor 
system or another will be required to discriminate clearly be- 
tween a  ffront wheel drive  " and a mechanism for spindle 
elongation based on the interpolar MTs. 
The observation that the spindle of S. pombe twists about 
its long axis during anaphase suggests that there are addi- 
tional forces acting in or on the spindle during anaphase and 
telophase. We suggest that this may arise from a helical cant 
of the protofilaments in spindle MTs and the bunching to- 
gether of the interdigitating MTs that becomes so marked in 
late anaphase. These interactions may throw the spindle MTs 
into a  super coil to allow maximum interaction between 
neighbors. 
Distributions of  MT Length 
Some of the MTs in short spindles are long enough to extend 
from one  SPB  to  the  other.  The  number  of such  MTs 
decreases as mitosis progresses, and by the middle of spindle 
elongation,  this  class  of MTs  has  disappeared  entirely. 
Clearly a S. pombe spindle can elongate without the benefit 
of continuous MTs. We suggest that the gradual disappear- 
ance of continuous MTs is caused by the conversion of con- 
tinuous M~  into interdigitating MTs as the spindle elon- 
gates.  The continuous MTs  of early mitosis may play a 
scaffold function at the time when the chromosomes are 
separating, but we think it more likely that the continuous 
MTs  are  simply those interdigitating MTs  that are  long 
enough  to  reach  the  opposite  pole,  where  their  further 
growth is inhibited by the interaction of their plus ends with 
the SPB.  Because of this apparent constraint on plus-end 
growth, the asymmetric nature of the SPB, and the fact that 
MTs at later stages may be stabilized by antiparallel interac- 
tions, it is not surprising that the MT length distributions in 
S. pombe do not conform to those predicted by dynamic in- 
stability (Kirchner and Mitchison,  1986). 
The reduced number of MTs seen in long spindles of S. 
pombe suggests that some spindle MTs are losing their sta- 
bility during anaphase, dissolving, and not being replaced. 
A  decrease in MT number during mitosis has previously 
been described in several organisms, e.g., cultured mam- 
malian cells (McIntosh and Landis, 1971), diatoms (McIn- 
tosh et al.,  1979),  and S. cerevisiae (King et al.,  1982a,b) 
and this change may be a characteristic of mitosis. It seems 
likely that the MTs which depolymerize are the short MTs 
seen during anaphase (Fig. 13, spindles 3, 4, and 7). We sup- 
pose that MTs that lose their connections with other MTs in 
the zone ofinterdigitation, as the antiparaliel MTs are sliding 
apart, become destabilized and depolymerize, allowing their 
subunits to recycle into the remaining MTs, promoting their 
further elongation (McIntosh et al.,  1985).  The small in- 
crease in total MT length during early anaphase is consistent 
with the idea that the subunits from depolymerized MT are 
recycled into the remaining polymers. Subsequent spindle 
MT  behavior  suggests,  however,  that the  cell  modulates 
tubnlin dynamics during mitosis. When the spindle is '~7 
/~m, the amount of total polymer begins to rise and at ,~11 
#m, it begins to drop. The latter change occurs at the same 
time that the extent of MT overlap begins to decrease; it 
seems likely that a decrease in the rate of tubulin assembly 
relative to the speed of MT sliding promotes the decrease in 
MT overlap. 
Peterson and Ris (1976) and King et al. (1982b) described 
continuous MTs in the spindles of S. cerevisiae. Both groups 
found that the number of continuous MTs decreased during 
mitosis, but even in very late anaphase, when only a single 
MT remained, it was interpreted as continuous. Our results 
are clearly different, since the continuous class of MTs is 
gone by mid anaphase. Further work will be required to de- 
termine whether this is a case of differences between yeasts 
or of differences in the methods used. 
The Spindle Pole Body 
The ultrastructure of the SPB in S. pombe has been previ- 
ously described with sections cut perpendicular to the nu- 
clear envelope (McCully and Robinow,  1971; Tanaka and 
Kanbe,  1986).  Our  results  add  to  these  descriptions  by 
providing a view nearly parallel to the nuclear envelope as 
seen in Figs. 2 and 3. From this perspective, we see that the 
SPB occupies a roughly circular area, ,~300--380  nm in di- 
ameter. The exact position of its outer boundary is difficult 
to determine in this view, because the outer margins of the 
SPB appear as an electron lucent area. This region may cor- 
respond to the ~cytoplasmic  zone of exclusion  ~ typical of 
other Ascomycota and Basidiomycota (Heath,  1981). The 
functional significance of  this zone is not yet known. We also 
see an osmiophilic projection from the SPB in the plane of 
the nuclear envelope.  This may represent a  structure as- 
sociated with SPB duplication, such as the "bridge" seen in 
S. cerevisiae (W'mey et ai., 1991), but more detailed studies 
will be required to examine this possibility. 
The relationship of the pole proximal MT ends to the SPB 
can readily be visualized in serial sections, such as those in 
Figs. 2 and 3 or by comparing Fig. 7, A and ,4 with Fig. 9 
A. From these illustrations, and others not shown, it is evi- 
dent that MTs in the region of the SPB are always tightly 
bunched, regardless of the phase of mitosis. This may mean 
that the pole proximal MT ends are not permanently attached 
to a particular region of  the SPB, but are free to move around 
as other MTs are lost from the pole. Similar observations of 
"fluid" spindle poles have been made in diatoms (McDonald 
et al.,  1979).  Bridges occasionally seen between MTs may 
partly account for the clustering. 
The activity of SPBs in S. pombe is also dynamic. Masuda 
et al. (1992) have shown that nucleation of spindle MTs from 
the SPB is regulated by cdc2 kinase. After metaphase, when 
cdc2 kinase becomes inactivated, SPBs are no longer capa- 
ble of  nucleating spindle MTs. Our observation that the num- 
ber  of spindle  MTs  decreases  as  anaphase  begins,  even 
though MT polymerization continues on existing MTs,  is 
consistent with this finding. Interestingly, at this same time, 
MTs appear on the cytoplasmic side of the SPB (Hagan and 
Hyams, 1989; Tanaka and Kanbe, 1986) (Fig. 3 A). Whether 
these cytoplasmic MTs are nucleated or captured (Masuda 
et al.,  1992) remains to be determined, but it is clear that 
further EM analysis of this interesting organelle will be im- 
pertant for understanding mitosis in S. pombe. 
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Our results suggest that mitosis in S. pombe includes chro- 
mosome attachment to KMTs, followed by motions that ap- 
pear to correspond to anaphases A and B. These motions are 
based on both MT polymerization and MT sliding. We con- 
clude that mitosis in S. pombe is generally similar to mitosis 
in other eukaryotes, and that this yeast is an attractive model 
for detailed study of chromosome motion. 
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